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~~~~ Abstract 2. Mathematical Descr~ ptioo of the Problem

Monte Carlo analysis of the combined phase Let ~ {P~} be the conditianal density
amplitude demodulator problem will be di :u~~c.’J. of ti’s phiie , “ .,, ohise rat e, Y • sad arnplitude,
The efrect of machine architectural di fr ~~rea es A0 at t~~-ze liven the observa:ia, ~~ z

~~~~ on the nonlinear filtering algorithms wtll he
emphasized. Two machines will be consid red; ~~~~~ ‘ 0  . ..here

the CDC Star 100 and the Floating Point i.st .~’sAP12OB , which are respectively pip elin— an.~ :~~t :L— 
z~ (l )  — h (A a)ca, x~ ‘

~
‘
~n

processor array, In the context of n~c.’-’rLal 2 (2.

realization of the optima l nonlinear ti l:~’r ~or 
z0 (7) — h ( A.~)sin x~ +‘.~~

~~~~ the demodulation problem.
w i t h  v i d e ~~, a.~eat Gaus3tan white aoises of
r.~~~ia: nsitv r- . It con b~ shc~ n that

1. Introduction 
~~IA

The area of nonlinear fi lterLa ~ haj ~ ~~~~~~~~~~~~ ~f  f  ~~~~~~~~~~~~~~~~~~~~~~~~~
quite active in the past ten ‘~e.~r; with nu ’~—rJ ’.cs
papers on subjects such as ianov L’~t c , f t r i’~ 

d ~dZ (2.2)
on Lie Groups and a wide v ar !~~rv of i’op~~~~al
desiRns . Unfortunately, ~~~~ this work ~had little or no effect on th .~ two f ‘ ‘ i ’ ~~~~~~ ‘ “~ 1 r ~~~~~~~~~~~~~~~ x — h ( A ) ~~~~~,ia  x
questions which tsost he ,olved he!~~~, ~.‘

3 can be applied . az.el-;, how do— i on.~ — 
1 2

(~~~ ? (x: A)
~~~~~~~ ‘ real—time nonlinear filter and ! e t’r : ~ i 1 2 a

error performance of the optiaa l t~~1 t ’~~. K i c— -i so t f i t  F i~ a dea~ i~~; 2 repre—
~~~~ Recently i~ a thesis at “. .1., G i a ~~u .  1 . .. -- ‘ ..I- n

~r- t,. tii~ e step , and a , i~~ periodic
~~~~ progress on the second ~rua l.’n ja well  t -

the connection b.~twe•,n 1:i :ar~ .,f i,’ii Theor.~tL , of p e r t a d 1 i 1 . ~~~~ that F and ? are
Ideas and F i l t e r i n ~ (; - ‘- [11). For -~an.- :,uJ j ”~~~~~~~ 

c:i their fi:s~ a~ d second arg~~ ents; of
we have a t t emp ted  to actually build nonlinear ~~~~~~ .‘:~J 2~~/2 respec~~:’/eiY . A,, ~~~ Yn are

~~~~ f i l t e r s  u .;ing d ig i t a l  C ’  ~~~-‘rs (see [2~ — (5 ) ) .  Gausc- ”~ r~:a’: ‘roces~~ea—— see ( 2 )  for d er a i l s  of the

~~~ 
0ri~~ina lly,  f or the  two— ~~~~ .~~ic’nsl ha~c.- ~~~~~~~ 1 or ho ~ionr o Car 1 a runs on :he S t a r  100 ,
demo d u l a t i o n  p r ob lo ’ i  our object w,i~ to bi~~lj h w i - c  ra~ ,-n to be Iiaear , a ocre ~‘hysf:ai1y
f i l te r  in order ti do i!oa~ o Ca,lci ~,-r : . i- .~~ic . 

in t .-r ~n’~ ,‘del .a.’ulJ es : ,n i o n r i ~~~, as
and r o a l— t i m e  f i l t e r  op e r a t ion  v i ,  not o.’a, L~!ot. 1 . b ~‘r . .\ .  .J. Mal l inc ’ r n d t .  i”e rerr -c;e-f:
This was because the s y n t he s i s  toot , the C ) C  6b0 0 , c, ’ : i- i i t ~~~~-i h, ~nd En a~ ~~~iK :1ti o’:e: .1
was la rge , slow and expensive. Now , u.~irt ~ the cub —  of l a t t i ce  points in R , for fixed atplitude
AP—12 ()3 processor , not—time operation is the  ‘nracs— cectic’n of the cubic 1o:t~~-,e is a
feasible . Of coura e , t h ~~ Sta r  iN ) is 2,> tin- - ; unF ’in gri2 w i t h 16 e > t h d t v i ~~~ as im passe and 96
fa s t e r  than  the a r r ay  processor an ), wi th  its In s~ ,--rate. Now t he  f i x e d  sao i:nc ,ie cross—
lar;e aetnory, is .in ideal tool f o r  ‘‘ O a r ’  Carl. aectjar,s are 16 it al l  and tb; caaff~ -arati,,n is
analysis. c en te r ed at t:>~ best c u r r e n t  estiaa:~ of

amplitude wi th d )staac”s between c r o s s— s e c t i o n s
proportional to square root of the acan square
error in estimating the anplitude.

This research wa-i supported in part by the United Stite~ Ai r Force , Air Force Sys:eas
Com~ incI , under Grant A1’-AFOSR— and Contract F4462O—76-CO0d~ .
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3 Sof~~ are Structure

- Since the memory bandwidth pf Star 100 is
15 li, 

extremely high as long as a large nurnber of con—
tiguous memory locations are accessed sequentially,X 
one can neglect memory accesses and trade storage
for computation spaed. By periodically extending

I~~~~~~
” ~~~~~~~~~~~~~~~ 

c.et~ Llc.d ~od~ can : ob Al i~~d tnrou4h b Aa:

~~~~~~~~~~ 

- - 
attention Dr. gob Voight , NASA Langley,  Hampton,
Virg inia. The original code was written by
Dr. H. Youssef of Lockheed Aircraft , Burbank ,
following the 20 phase lockloop code, written by
Dr. K. 0. Scone . You ssef ’ s code was debugged and
correc ted by the author. F0(x ,y, A) is ca rried by

FIGURE 1 Star as a vector  uhoae 14- (M)(j—l)+)-C~(k—l) is
the  weigh t  ass ocia ted w I t h  the  j r h  rh a s e  grid point

Not ice  tha t  the grid s t ruc tur e  move s only ’ in the and j t h  -hase r a t e  grid po In t and k th  anpl i tude
A direct ion.  There are 24 , 576 grid points in al l , grid po in t .  The s t ru c t u r e  of the program is gLven
Notice that (2.2)  can be viewed as doing 16 in Figure 2 below.
computations of the two—dimensional phase F P
demodulation problem , followed by a convolution 0

over aap1itud~—— see (3), (241 — [26). This ScraulDie
observation Is the basis of the software 

[iii~
er olat IJ I_______realization for both the Star 100 and the

Floating Point Processor.  In order to explain n
rheglobal  s t r u c t u r e  of both the software for the I Convolution ‘Scramble
Star 100 and the Array Processor , it will be I Phase and I n t e r p o l a t e
useful to replace (2.2) by a series of simpler 

~~~~litude Normalize
operations as;

- 1’n+l F0
scrambling : F0(x ,y,A)* F1.>(x— Av ,y,.\) (2.3) 

C~~~~
.
~~~iU t ± 5 ~~ ~~~~~~~~

Loato] JAm 21itude ,NormIm~( :Tot ice that as F ic> per iodic ,modul ar a r it h m et i c
is Involved.) ____________ -

H :;ormin~ and
int e rpola t ion:  F n (x j~ Yj ~i ,y j ,A k ) -~ nr ~~(x j , j , yj , A~.) 

Eitima~~oc_J ‘

~~

+( l—o ) Ffl (x~~,j . yj . A k) ( 2 , 2) _______________
H L J~~~~~ al i : at I~~ jjwhere xj~ {x~~.} is the grid point  d i r ec t l y

above (below) the value Xj_yj~c; 
F04-1

— ( xj —A y 1 )~ 
F T U ~~i - ~ i \ ’  (‘OD I f I ; U ~~~ 3 - A P - l OB C O N E

°~~ I L
lX ij Xj j

The unusual point in the Star Code was ‘clew—
ing the phase. con’, o l u t i c > >  as t h e  sun c o n s t an t sphase convolution: Fn * I 

( 2 (’ .c’j )
~ ti (x L~ Yj i~

\ ;(~ (i.e., va)a.’e of the con’Jol~ctiOn ~nerael) tires th~

~ > density. This v~ ewpotat o’;erc-cn.es the reed to
I - , referonc e nemory with fixed phise , wnlch wou dwhere F is the ~mage under th— i r . r e r N o c i t a  

lead to excessive i i m i r~~ on Star because ron—claP , 
conti guous memory references would be recessary,C r •, C , unless  th.’ nenor’? w~ s rearrsn~ ed . learrangementa m p l it u d e  convo lu t ion :  F0 ~ a j ( . t ) c~~(it i.~~j .~~) is alec ,  t i ’ .’— c on u u n d o ~~. For S tar , th ~ r i n ~e

( 2 . ’)  r.oce ss .s ry  to  a c c o n p l fsh  one  i t e r a t i o n  of the loop
p i c t u red  in  Fl 1; I t e  2 is 2 6 )  n s i l l i seco ; .d s  f o r  t n , ’

n i-v d at a :  The si-con ) t r a p p i n ~ in ( 2 . 2 )  w i t h  ~ 3— d inona io , . i L pr oh1~~ and 5 m illisec onds for r e
n o r m t n 4 :  F i n d i n g  the ~uci of t he ~~~~~~~~ K . 2—dit c.~;~ ior,~ l prob1-~m——soo ( 5 1 .
rno r z s . i t i e i t i o n :  D i v i i i o n  by K. 

The .-ics, ably l o n e - c a g e  code fo r  tb~ A P — l I O S
was  . ir i - , ’~~ -i  in  or de r  tn mi;rhra ite the mann er of
r ead s .ind writ e s f r om n~~on y, as memory l- ,ic d—
w i d t h i- ;  c r ) t ) c a l .  Ih~ ope r i t i o n a  w o r e  a r r a n g e d

— - - ~~ - -~-p~~ s, ~~~~



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

in two groups; phase rate fixed , scrambling and statistics for extremely large members of Monte
interpolation and phase fixed convolution. In Carlo runs, 30 ,000, at varIous output signal—to—
each group a read and write are necessary for noise ratios. Each run tiien computes the mean
lightly more words than the number of grid points. square phase estimation on the basis of
Notice that the loop cycles on the one—step 3,900 ,000 estimates. These runs prod-ace a one—
predictor , P~ , rather than the fitter , F0. sigma confidence interval of length .008 db and
A significant feature of the API2OB coCe is the allow very precise statements concerning the db—
parsimonious use of memory, which is a oust for improvement of the optima l those demodulator over
effective real—rime s r . t h -n s t s .  In ~~~~~ S tar the traditional phase—lock deoi~~ .~~~~ tual
Code requires 3.SL* versus l.2L memory locations estimate production ti~ e fa dcc c 521 to the AP1203
for the AP12OB Code. The Star Code runs 2.61 and 50% to the overhead of cor~ unica:joris between
times faster than the AP1208 Code , which is quite the AP1203 arid the 11—53 and PD?ll tct ~~s.  The
close to the ratio of add plus multiply times of only tasks currently done in the 11—53 are
the two machines, which is 2.78. The structure generation of observatIons arid sIgnal process ,
of the AP12OB loop was syggested by Dr. K. 0. Senne Monte Carlo statistics and evaluation of the
of M.I.T. Lincoln Laboratory and the coding of the sensor (i.e., evaluation of th~ expodential in the
convolution loop by Dr. A. J. Mallinckrodt of second formula of (2.2)). The large contribution
the Communications Research Laboratory, and the of the POP—il to the es:hm.a:e tine in view of the
interpolation and scrambling loop by limited ta,ks it perform,s is d i stur bing , and we
F. Ghovanlou of U.S.C. are currently looking Irico where the tIme is as ed

by timing various parts of the drive: program.
Because of its 50—100 to one floatIng point

4. Monte Carlo Programs computation speed cdvs~ ta~ e in c I:h-~r a real—time
or a simulation e :vironnoar , t-e A?2 13 should be

We developed a reatartzible Monte Curio assigned all the floatIa~ po cnt ccnn;cc :~;ticn tasks.
program for the Star 100. Each Monte Carlo run The system proyra-ning 2,’~ crIbed In this section
consisted of 130 consecutiva estimat es In time . 5c.s done b- c Tom Ete~~~ .e y of U.S .C.
Our program allowed us to do only a selected
number of Mo~ ta Carlo runs at a ti’s- with a file
written to allow us to continue later .ch--ro we 5. F c ~a l  T i m e  Capo ’aili :v
had le.ft off , i.e., the state of the ri;: eu
number is stared . In this ‘way at i-colt stc ~n.>h— Tb.- FIc’~~l tr,~ Point ?ro- :e-~~nr A?1203,
to—noise ratio the r ’q-x i- ct te 200 Monte Carlo bec.> .‘ of 1 .  Sine , tcn - -c~-d and no~~n , makes
rua.4 could be iccoinpl i-,hed in p L eic - - - ; c f . > rc;ns poc,c :- Ic cc -w cn - an al in- -ar ~ se den-sd ui a—
which would take around 30 cia-inc - s of S ri; it ) t -r w~ — n in ..-d Sn conjunction wIt:-; t h e  P2P1 l—5 3 .
CPU time. When h (A~ A cnJ t h e  h -rn - I With di n - c: ommc- r - -’ acc� ~, s , tb- c oaser - i:cnns are
a~ (A,t) approa ch— c -a delta fun ct Ion , it i~ ct- ’ ,r -- ‘n: the F’)?] ]—t5 t - ’ th- , - -r - .’ :ioas -are fn—
that (2.2) becomes cla.er and closer to c~~— t~~ t . ~ c’c N I ~~~~jS wa S te ~: ~s ~~r c_ t t :’~ t h e .
dat e for the 2—d iae ne.ic -n> L ; c n i ’ -  I.’-- c-:;L;::o ri pre.’c co ;c - ,‘c~ :r-c ( i . e . ,  i cc- ’ epda:e ci m e  iens::-c
problem atudied in (3]. U:ing this r oct . ,‘ if- c ”-’ r li ~ n.-d ‘cito :i:~ ; ~;c~~cic::ion and tIcs
3—dimensional problem v I . i d — h c j e , - d  bc - ; c ; t - i - c g  e;:;:~n,:e ~~ > - ; c : : on )  , It a p r — a n . - : n at  r a e  d a t a
the r e s u lt s  to the 2 — d i - ’  r c l o ; ; 1 L  s i t  - ri:i, ;n .  r a t e  could  he  1 K b  p e r  , -‘ c c t c n d ,  I - con  ,i~~b er  da ta
i~’h—r , h (A )  A an d  a Is ( -a ; ;n ci th r i t e - s oc-cc 1.1 h- - ac .: ie’i- d ~n toe r’ ar f u t u r e  w i t h
v s ar i a n ce  q3 .1 m e a n  1, we have dc ; :- ’ c u t - ’ i-n prn-c ’m! ha rt- c re and O’t ;:l~~~le i.a the sane
Carlo runs i t  c ;t~;-ut si ,;c , — : o — -;oi - - t i i - c  N i  - > ~ ‘t .o n i-c c - -cc i cc - n :: n- -
R —3 and — 1 . 8  d b .  T:a e r e  c c > 1 t j r - ~ •- r r . -r
variances were ex t r e m e l y  close to those. w h i c h  ‘we
found in [31 for the corresponding 2 - Iicnec ~- il-nnaI 6. Conclusions
problem. In the future we intend to ic ;v~ 
t h —  p roble m u i-i’; h ( A ) > A by ~‘O c ; r c  C n n  , N,- c iv;- ~lt :—m?t a-l t o  d e m o n s t r a t e  b~w soft—
a a i l -;:s , -as th i s  n_i~’ be a - t i e  ~~- i l c -~~ t -c t -~~~- ] r o t - w i . ; -d ,- ’ ; ’ ] c u t ’ c - ct fe: :cmm l ::ccsr f i l t e r
of the real wor ld  p rob lem.  r-nilic otfan which took r- -c-c:cta~~c cf the machine

a r c hi t e c t u re .  of tb ’s S t a r  120 and the API2OB a r r a y
The Floating Point System ’s A?l208 is p roce ssor .  We fee l  t h a t  t h e  r ’ s v o i ut i~ ns in

corume c ted to a PD P 1I—55 c o n n p u t . -r  ‘w i th  tb -c mult I— rac]; I:;,- d,’si~~a , sy.-eci ~nd -ic e  have made real—tine
use r o p er a t i n g  sy at ’cn hXLlhl v, ’tc ’  i on 3. It the ~ or .lI-,, Sr f Il:- -~ C O r c S t n c l c i t i O I ,  p - c - i b i s .  In the
moment the Floating Point Processor has l~~K word near f-itur.; It is clc’i r ; f - � i a i n l c c  t o  design real
:1 c -n a r y ;  in t he n i-ar f u t u r e  -we w i l t  e spimd il, v — i  c - n ->  wc ~~ cin. -r l lam is gic. ra~ d by non l ine ir
mem ory to 6-1K words which wi l l  al low us to run t  the filte r :; ,
prob lem described here . In the i r it e r i n , a back-
ground task has been installed which is a re—
startabte Mont Carlo task for the 2—dimensional
phase demodulation ptoble:~— -i- - ’; [3]. Thi s t i c k

has allowed the evaluation of phsc e error

represents the number of grid points for the cl c rcsi:y rc’or ,-s c-n:at jc-n .
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